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A d isc u ssio n on th e physio lo g y o f re sista n c e to d ise ase in p la n ts Professor W . Brow n opened th e discussion by giving a classification of p la n t diseases on th e basis of th e causal agent. This was for th e purpose of pointing o u t certain broad differences betw een diseases of p lan ts and of anim als and of indicating w hich p a rts of th e subject would be dealt wfith by th e th ree speakers.
P h y s i o l o g y o f t h e f a c u l t a t i v e t y p e o f p a r a s i t e
B y W. B r o w n , F.R.S.
In studies of plant disease it is customary to draw a sharp contrast between the facultative and the obligate type of parasite, and one can readily indicate some half a dozen points of difference. Thus the facultative parasite is one which typically kills the host cells and then lives on the dead remains, in contrast to the obligate parasite which, when invading a suitable host, lives for some time in a symbiotic state with the latter. The obligate parasite may, as will be shown more fully by a later speaker, exert a localized killing action on the tissues of certain hosts and thereby bring about its own inhibition. The basis of this difference is considered to be that a facultative parasite is cultivable on a dead medium, that it is in reality a saprophytic fungus which has parasitic potentialities, whereas the obligate type of parasite cannot grow apart from the living cells of a suitable host. More guardedly one should say that the secret of cultivating the obligate parasite in vitro has not yet been discovered, but the time may come when this basis of distinction no longer holds.
Certain other features of difference are correlated with the foregoing, or at least are considered to be so. The facultative parasite is able to thrive on a variety of media and thus tends to be somewhat generalized in its parasitic behaviour, in contrast to the obligate type which shows a greater or less, and sometimes a remarkably fine, degree of specialization, which one ascribes to a fine discrimination in its nutritional requirements. As an outward manifestation of this nutritional difference, the hyphae of the facultative parasite grow indiscriminately through the host tissue, i.e. both intra-and inter-cellularly, whereas mycelium of the obligate type is characterized by the presence of well-marked haustoria. These alone enter the living cells, or in the case of lower members of this group, the whole thallus of the parasite is intra-cellular.
A further broad distinction is referable to the time relationships shown in the process of attack and possibly also to the action of growth hormones. The host tissue is killed more or less rapidly by the facultative type of parasite and thus does not in general respond by cell proliferation. On the other hand, the symbiotic phase which is characteristic of invasion by the obligate parasite allows of this and so one finds in this case that hypertrophies (galls) of various kinds are frequently produced.
While the above comparisons are of general application, it should be remembered that there are exceptions to each one, and that there are intergrades with respect to all the characters stated. In particular there are obligate parasites which are not so highly specialized and facultative parasites which show a narrow range of selection. For this reason one may indulge the hope that a physiological analysis of facultative parasitism may lead in time to a better understanding of the more subtle problem presented by the obligate parasite.
I propose to deal with the physiology of the facultative parasite, but some of the conclusions will apply equally well to the other type. Parasites in the facultative group are Botrytis cinerea, Rhizoctonia s , P rotting bacteria such as Bacterium, carotovorum. These all have the experimental advantages that they attack many common plants and that they can readily be grown on a variety of natural and synthetic culture media. Their biochemistry is therefore open to study. I propose to outline what we know of the aggressive mechanism of such parasites and at the same time to indicate what means of resistance the plant is able to oppose to such action. For convenience in description I shall deal with the story in three phases: (i) Pre-penetration phase; (ii) Process of penetration; (iii) Post-penetration phase.
(i) Pre-penetration phase For the fungal spore lying on the surface of a plant a prerequisite to penetration is that germination should take place, and for this purpose certain environmental conditions must apply. These are, presence of oxygen, of moisture and temperature within a certain range. At this point it will be appropriate to point out what is a main difference in degree between the establishment of disease in plants and in animals, more particularly in warm-blooded animals. With the latter the environ mental conditions prevailing at foci of infection are comparatively uniform, so that they do not in general exercise any control on the sequence of events. In plant disease it is otherwise, and one can definitely say that the environment is in most dlses the all-controlling factor. If conditions are unsuitable, disease is checked at some stage or other; if they are suitable and remain so for a sufficiently long time the disease becomes established and increases in a kind of geometrical progression. In other words, the disease takes on the epidemic form, as in the well-known example of potato blight.
Oxygen is practically always available to the germinating spore and calls for no further mention. Beyond stating that the temperature at which most phytopathogenic fungi germinate normally must be within the range 5 to 25° C, nothing further need be said of temperature at this stage. Moisture is the important controlling factor and in nature this is supplied as rain or as dew, though some fungi will germinate in the absence of free water, viz. in an atmosphere of sufficiently high humidity (90 to 100% of saturation). Furthermore, adequately moist condi tions must last for a sufficiently long time, as it appears to be a general rule that, whereas the ungerminated spore can withstand repeated wettings and dryings without damage, the germ-tube is destroyed by desiccation. Hence moist condi tions must prevail until the fungus has established itself within the tissues of the plant, after which it is less exposed to the influence of drying. It is known that one day of wet weather is insufficient to enable the fungus of potato blight to establish itself, even at the most favourable time of the year; a succession of about three such days is necessary for the purpose. Similarly, the length of the dew period is of critical importance for the development of some diseases (e.g. powdery mildews), and it is noteworthy that with these the spores germinate and enter the host tissue with great rapidity.
It is in connexion with the necessity of moisture for spore germination that one notes a feature which is shown by some plants and which, though not a type of resistance in the true sense because the plants may in fact be highly susceptible, has nevertheless the effect of considerably reducing the chances of the plants being attacked. This is the presence of a more or less unwettable surface to the plant, arising from a waxy bloom on the cuticular layer or from an arrangement of epidermal hairs. This effect may be reinforced by the vertical orientation of the plant surface, with the result that drops of water are thrown off, or do not really come in contact with the surface, and so one of the primary conditions for the initiation of attack is not realized. This is one form of 'disease-escape' of which other examples could be quoted.
Granted that environmental conditions are suitable, the capacity of a spore to germinate is in the first instance inherent in itself. Spores of some fungi are unable to germinate in pure water, those of others do so. The capacity of any particular sample of spores to germinate on their own resources is influenced by such factors as their age and the conditions under which they were developed. Germinative vigour passes through an optimum with time, after which it gradually falls off to zero. Similarly, spores show reduced germinative capacity when derived from cultures which have been maintained at supra-optimal temperatures. As increased vigour of germination leads to a greater chance of successful parasitic invasion, it is obvious that the amount of germination shown by the inoculum under standard conditions is a factor of importance in the analysis of parasitic capacity.
There is another factor which may play a part at this stage and this arises from the host tissue. While there is no evidence that, in the normal way, the fungus exerts any influence on the host tissue previous to penetration, it has been clearly shown that substances diffusing in a purely passive manner from living cells of the host considerably affect the germination of the fungus. Often the effect is stimu lative, but in others repressive. The permeability of the superficial host cells and the nature of the substances which diffuse out into water in contact with the plant surface (into the so-called 'infection drop') exercise by this means a controlling effect on the earliest stages of parasitic attack.
Antagonism between micro-organisms is known to play a part in determining the vigour of attack, both at the pre-penetration and later stages. In general, the effect when a parasite and saprophyte or two parasites are present in the same inoculum is a diminution of invasive capacity, though examples of the opposite kind (synergism) have been recorded. The mutual action appears to be based upon an accumulation of metabolites and not on competition for food material. This is a plant pathological illustration of the antibiotic phenomenon which is also well shown where a wound, which would if freshly made be readily invaded by a specific parasite, is protected from invasion if already occupied by saprophytes. Antibiotic effects are shown best of all in connexion with certain soil-borne parasites, for it has been repeatedly shown that the amount of damage caused by particular rootinfesting fungi is greatest when other micro-organisms are excluded.
(ii) Process of penetration Rhizoctonia solani, Pythium de Baryanum, Botrytis cinerea, and many others, both facultative and obligate, enter their host plants by penetrating directly through the cuticularized epidermis and the process has been followed in detail for a number of these fungi. Certain early experimenters claimed that the stimulus to penetration was of the nature of a tropism to substances diffusing out from the host tissue. It was even suggested that the presence or absence of such substances, or of a particular substance in the case of a highly specialized parasite, determined whether a fungus would enter or not. This chemotropic theory has now largely been abandoned, as more recent work has shown that fungal hyphae will penetrate membranes, natural or artificial, under conditions which rule out the possibility of such an attracting chemical factor. Thus the germ tubes of B. cinerea are able to penetrate a plant epidermis equally well from the inside as from the outside, i.e. away from the supposedly attractive substance as freely as towards it. It has also been suggested that the movement leading to penetration is the result of a tropism away from the metabolites of the fungus itself, but a little consideration of the gradients of such substances within the infection drop will show that this view also is untenable. In the circumstances the only available alternative is that the stimulus to penetration arises from mechanical contact, is a haptotropism, of which there are other well-defined examples in the plant kingdom.
The mechanism of the act of penetration is also undoubtedly mechanical. The evidence for this conclusion is partly that fungi are not known to be able to secrete a substance capable of dissolving or softening the outer cuticularized layer of plants, and partly that the visible details of the process of penetration suggest that it is a mechanical act. The germ-tube of B. cinerea, grow plant, becomes attached to the latter in the region of its tip ; growth in length ceases temporarily and the fungus attempts to penetrate at the region of attachment ('appressorium '). That the process of attachment is stimulated in a mechanical way is shown by the fact that appressoria are freely formed on a glass surface. The purpose of these structures is to take up the back-thrust arising from mechanical penetration. The growth which penetrates the cuticle is extremely fine and it is only after the cuticle has been passed that the hypha swells out to its normal dimensions.
The different penetrative capacities of fungi and the capacity of plant surfaces to resist penetration by a fine point are subjects which call for examination in this connexion. By the use of formalized gelatine membranes of graded hardness it has been shown that the series B. cinerea, Penicillium glaucum, Khizopus nigricans is one of diminishing penetrative power, so that it is only the least-protected structures (e.g. certain soft fruits) which the last-named is able to penetrate. As regards cuticular resistance, it is known that young leaves in which the cuticle is still thin are more readily penetrated than mature ones. This applies, for example, to the penetra tion of apple leaves by the scab fungus. It is also known that part of the resistance offered by the cuticle depends upon the hydrostatic pressure of the underlying epidermal cells, for if this is removed by plasmolysis, or in the extreme case by killing, entrance is much easier. This partly explains why leaves are more readily entered in the senescent stage than when in their full vigour, the other factor concerned being the greater exosmosis of food materials to the exterior which enhances the penetrative power of the fungus.
The cuticle (and suberized bark) is the first line of resistance to fungal attack and is the only line of resistance for many plants against specific fungi. Hence the type of parasite ('wound parasite') which gains entrance through wounds. These may be large and obvious as with broken branches or split fruits, but may be minute as when they are caused by the stylets of aphides or by normal processes of the plant, e.g. where a leaf has been recently shed or where a side root emerges from a larger root.
Many parasitic fungi circumvent the cuticular barrier by entering through stomata or lenticels. This method is the one generally adopted by plant-pathogenic bacteria so far as these affect overground parts. Whether or not germ tubes are attracted to stomata chemotropically is a debated point. Finally, some parasites gain entry through weakly protected structures (e.g. floral parts, in particular the stigmatic surface) or through moribund or dead tissues. With many herbaceous plants there is a considerable amount of dead tissue present by the time seed is matured, and this feature lays the plant wide open to the attack of certain fungi.
Hence the general experience that seed production of many flowers and vegetables is practicable only in certain areas where the climate is particularly inimical to fungal attack.
(iii) Post-penetration phase
The outstanding feature shown when a fungus such as Botrytis cinerea enters the tissue of a susceptible plant is that the cells of the latter are disorganized some distance ahead of the position occupied by the invading hyphae. Disorganization takes the form of killing of the living protoplasts and solution of certain cell-wall constituents, mainly pectic in nature, with the result that coherence of the tissue is lost, i.e. the tissue is rotted. Extracts are readily prepared from the hyphae of Botrytis and similar fungi and from bacteria and these reproduce the two-fold action on a large range of plant structures. In extracts of Botrytis the significant substance present is a pectinase enzyme and it has not been found possible so far to separate a cell-killing from a cell-wall dissolving substance. Provisionally one must assume that the enzyme acts as a cytolytic toxin. Though pectinase enzyme is the most prominent agent of attack on tissue, it would not be safe to assume that other metabolites play no part. It is known, in fact, that with a few fungi, e.g. Sclerotium Rolfsii, oxalic acid is excreted in a concentration sufficient to facilitate parasitism.
The mechanism of attack envisaged is therefore as follows. The fungus continues to advance through the tissues, following behind a screen of cells which have been killed and softened by pectinase enzyme which is excreted by the hyphae and which diffuses ahead of the latter. Parasitic invasion will continue indefinitely, provided nothing occurs to interfere with the process. It remains to consider the nature of these interfering factors.
There is considerable scope for experiment at this stage. The method is simply to introduce a variety of fungi or bacteria into a range of host tissues and to determine whether, and if so, how soon and by what means, invasion is arrested. The behaviour of the ineffective fungus is obviously of as great interest as that of an actual parasite. Numerous specific problems of this nature can be stated, and it would seem that the difficulties which stand in the way of obtaining a fairly clear picture are largely those of biochemical technique. In particular, certain intricacies of enzymic behaviour call for careful examination. A number of types of resistance have been recognized, and these will now be illustrated.
Internal resistance may arise from the presence in the plant of substances which are antagonistic to the growth of fungi or of most fungi. Substances of this nature are acids, tannins, ethereal oils, glucosides, etc. Fungi which attack highly acid structures (e.g. young apple fruits, citrus fruits) must obviously be able to grow in distinctly acid media, and one can readily confirm that parasites (e.g. species of Sclerotinia, Penicillium) of such tissues have in fact a high acid tolerance. Similarly, fungi which invade onion tissue are relatively insensitive to the oil present there. Factors of this nature have the effect of severely limiting the number of fungi which could begin to attack the tissues concerned; it does not follow, however, that any fungus with a sufficient degree of tolerance would necessarily act as a parasite, for there are further obstacles to invasion as will appear below.
A less obvious type of resistance, which also depends on the composition of the plant sap, occurs where there is nothing of an inhibitory nature present in the sap as such, but inhibition of growth is quickly brought about by the metabolism of the micro-organism itself. This effect is well shown in the failure of some bacterial species or strains to attack certain vegetable tissues. The reaction of the sap in the neighbourhood of the inoculum rapidly moves to an acid point and this leads to stoppage of attack. A study of the biochemistry of acid-production by these bacteria is indicated.
Inhibition of the parasite, after a certain amount of growth, by its own staling products probably accounts for the limitation in size of the lesions caused by many 'spotting5 fungi (e.g. Gloeosporium, Phyllosticta). In other cases the factor which arrests development is probably desiccation by the environment. The capacity of facultative parasites to kill, to a greater or less extent, the cells of the host in advance of the growing hyphae is an obvious means of progression but it brings the attendant danger that the lesion becomes readily dried, especially when the part attacked is a thin structure like a leaf.
Defensive reactions stimulated in the host tissue by presence of a parasite may be mechanical or chemical. The former will be dealt with by a later speaker. To what extent, and even whether at all, plant tissues develop specific chemical means of defence against fungal and bacterial invaders is a matter which is still disputed. It is certain that no antigen-antibody relationship has been demonstrated in fungal and bacterial diseases of plants comparable to what is known to occur in animal pathology. Claims for an acquired immunity to particular cryptogamic parasites have been advanced by some workers but these are not generally accepted. Some of the findings are disputed, in others the effects claimed are rather insignificant, being confined to the neighbourhood of the lesion so that the inhibitory effect is as likely to have arisen from metabolites of the parasite as from a response of the host. Some importance has been attached in this connexion to the frequent occurrence of substances of a phenolic nature in the neighbourhood of fungal lesions but there is no clear proof that these do in fact contribute materially to stopping invasion.
It may be suggested that much of the work which has aimed at elucidating the basis of internal resistance to disease in plants has taken too narrow a view of the problem. The search has been for substances which are inhibitory or retardatory to the growth of the parasite, and there is no doubt that a number of satisfying explanations have emerged. Even if such instances afe numerous, they still fall very far short of the general problem, which is to explain why any plant is inherently resistant to the vast majority of fungi which have parasitic tendencies. Further more, there is virtually an unlimited number of problems of the type represented in the following scheme:
-+ Fungus oc attacks plant A but not B, and conversely for /?. Plant B may have some feature, such as the presence of highly acid cell-sap or of inhibitory oil, which adequately explains the failure of fungus a to attack, whereas plant A is attacked. But the difficulty then arises as to how one is going to explain the converse behaviour of fungus /?. It is most unlikely that a simple hypothesis of the presence or absence of growth-affecting substances will suffice to deal with the multiplicity of cases which can be put forward.
Growth of the parasite in presence of the host tissue is merely one of the requisites for establishment of parasitism. It is also necessary that the parasite should possess an attacking mechanism and that this should continue to act. At present we know that a significant part at least of this mechanism is the tissue-destroying enzyme pectinase. It is important therefore to examine this enzymatic action and to determine whether there are conditions under which it fails to work. Study of this problem has not advanced very far as yet, but enough is known to enable one to separate out a number of subsidiary problems.
Within limits a correlation has been detected between parasitic vigour and the capacity to excrete pectinase enzyme into culture media. This is shown, for example, by various strains of vegetable-rotting bacteria. The following is a further example. Botrytis allii is inactive when introduced into the flesh of apple fruit but causes appreciable attack if a trace of suitable nitrogenous compound is added with the inoculum. This fungus grows readily on apple-fruit extract without producing detectable pectinase, but if the extract is reinforced with nitrogenous compound (e.g. asparagin, KN03) the enzyme is freely produced.
Nevertheless, this correlation is not general, as has been known for a long time and one's recent experience has abundantly confirmed. A comparison of the fungi B. cinerea and Pythium de Baryanum is interesting in this c On a wide range of cultural media, including decoctions of potato of various strengths, Botrytis cinerea readily produces active enzymic solutions. Pythium de Baryanum on ordinary potato decoctions and on most artificial media shows a negligible amount of enzyme secretion. Nevertheless, P. de Baryanum is parasitic on ordinary mature potato tubers and Botrytis cinerea is not. The fact that the former does attack involves no contradiction, for, in spite of its feeble capacity to produce the enzyme on various decoctions, strong enzymic preparations are readily made by extracting potato tissue which has been parasitized by the fungus. It is clear therefore that enzyme production depends not on the fungus only but also on the medium on which it is grown, and that some fungi are more selective than others in the latter respect. As for the failure of B. cinerea to attack potato tubers, this cannot be set down to any anti-effect of potato sap, for Botrytis spores develop freely on the cut surface of potato tissue and potato media of all kinds are highly suitable for the culture of this fungus.
There is an interesting difference between enzymic preparations of B. cinerea and Pythium de Baryanum when tested on living potato tissue. The method of deter mining the activity of pectinase solutions is to note the time required for loss of coherence in microtomed disks of uniform thickness when completely immersed in the active liquids. When the test is made by placing a small quantity of the enzymic solution on the surface of a bulk of potato tissue, the amount of rotting brought about by Botrytis enzyme is much less than by an equal amount of Pythium enzyme of the same strength as determined by the standard method. This points a way to an understanding of the failure of Botrytis to attack potato tubers. When an inoculum of Botrytis spores is placed on the cut surface of potato tuber, a small amount of enzyme is excreted during early growth but this is in effective, and is in fact deactivated.
The mechanism of this deactivation is not yet clear but there is evidence that it is modifiable by a number of simple treatments. Thus when potato tissue is raised to a state of complete turgor, which typically involves an increase of its watercontent by about 5 %, its susceptibility to inocula of Botrytis spores and to small quantities of the fungal enzyme is distinctly increased. A similar sensitizing of the tissue, both to fungus and to fungal enzyme, is produced by holding the tubers for some days at 30 to 35° C, an effect which is partly at least reversible, as the tissue regains its resistance when kept for some time at lower temperature. Similar results have been obtained with other fungi and other host tissues. The physio logical analysis of these effects should lead to a better understanding of a type of resistance which seems to be based upon an anti-enzymic and not upon an anti growth property of certain plant tissues in their normal condition.
There are further differences between the pectinase enzymes of Botrytis and Pythium, for instance as regards optimal pH, sensitiveness to various salts, and resistance to desiccation. The interpretation of these differences may be that the enzymes are different in themselves or that they are the same but that some of their properties are conditioned by other metabolites produced by the particular fungi. I t is clear that detailed enzymological study is called for in this connexion.
The parenchyma of many plants is quickly disorganized when treated with an excess of Botrytis pectinase enzyme, but many of these plants are resistant to the fungus itself, even when the latter is introduced into the tissue. Reasons for this limitation of the fungus have been given above. There remains another type of resistance, viz. that shown by the leaves of mosses and thalli of hepatics. These are sensitive neither to the fungus nor to its enzyme. As all the available evidence is to the effect that the protoplast-destroying constituent of the fungal extract func tions only after action by the wall-dissolving substance (if in fact the two substances are not the same), immunity in this case ultimately rests upon the composition of the cell-walls. To interpret this type of resistance a better understanding of the chemistry of cellulose, hemicellulose, pectin, and such like substances is needed.
